resulting in a ~0.5‰ increase of the δ 26 Mg composition of the fluid relative to olivine during 23 the initial carbonation and serpentinization reactions. This was followed by a decrease in 24 δ 26 Mg under higher pH conditions associated with the formation of brucite. Our experimental 25
and modeling results therefore demonstrate that the δ 26 Mg composition of fluids involved in 26 olivine alteration reflect the type and quantity of secondary Mg minerals formed, which in 27 turn depend on the pH and CO2 concentration of the water. Comparison of these results with 28 natural groundwaters and geothermal waters from basaltic terrains indicate that the δ 26 Mg 29 composition of natural waters are likely to also be controlled by mafic rock dissolution and 30 the preferential incorporation of isotopically light Mg into carbonates and isotopically heavy 31
Mg into Mg-Si minerals. Together, these findings improve our understanding of Mg isotope 32 systematics during water-rock interaction, and suggest that δ 26 Mg may be a useful tool for 33 7 alkalinity titration (Stefánsson et al., 2007) . Samples for Cl concentration determination were 134 filtered through a 0.2 µm filter (cellulose acetate) followed by analysis using ion 135 chromatography (Dionex-2000) . Samples for Na, Mg, Si, Fe concentrations and Mg isotopic 136 analyses were also filtered through a 0.2 µm filter, acidified to 1% HNO3 (Merck Suprapur®) 137 followed by analysis by ion chromatography for Na and Mg (Dionex-1000) and 138 spectrophotometrically for Si and Fe (Dougan and Wilson, 1973; Fishman and Friedman, 139 1989 ). The analytical precision based on repeated analysis of an internal standard (GYG13) 140 at the 95% confidence level was 4.4% for Na, 3.0% for Mg, 2.8% for Cl, 6.5% for Fe and 141
8.7% for Si. 142
Samples of the reacted solid were collected at the end of each experiment. These were 143 dried at room temperature prior to analysis. The chemical composition of the material was 144 determined using an electron microprobe (JEOL JXA-8200 Superprobe) with an accelerating 145 voltage of 15 kV, a beam current of 15 nA, and a beam size of 5-1 μm. Unfortunately, most 146 of the secondary phases (with the exception of magnesite) were too fine for point analysis, 147 even with a beam size of 1 μm, and were too small to be visible on polished samples. The 148 surface morphology of the olivine grains and secondary phases were also studied by scanning 149 electron microscope (SEM) equipped with EDS (HITACHI TM-3000) at an accelerating 150 voltage of 15 kV with a working distance of 6.8 mm. Finally, the samples were analyzed 151 using powder x-ray diffraction (XRD) with scans collected for 9 hours with a Bruker D8 152
Advanced (CuKα1, 1.5406 Å; 2θ range 3-90; 0.01°/step and 768 s/step). The general rate expression used to simulate the progress of olivine dissolution, 199 formation of secondary minerals and the associated solution chemistry was; 200
202
where is the fraction of the surface area that is reactive having a value between 0 and 1 203 (Přikryl et al., 2017) , A is the surface area, kT is the rate constant at given temperature and 204
∏
is an activity expression for the j-th dissolved aqueous or surface species in solution. 205
The saturation index to the power of n standing for order of reaction, SI, is defined as; 206
where Q is the activity product of the mineral reaction and K is the respective equilibrium 210 solubility constant. 211
The surface area of the dissolved phase was expressed as decreasing upon dissolution 212 or loss of moles, assuming the grains to be spherical, i.e. 213 214
where is number of moles. The secondary minerals were also allowed to dissolve with the 216 principle of microscopic reversibility. The rate expressions for secondary mineral formation 217 represent crystal growth rates of a given mineral surface. However, the initial formation of 218 minerals and mineral surfaces involves nucleation with A = An whereas An is the total surface 219 area of the nuclei formed for a given mineral. In this study nucleation was not included into 220 the rate expression. Instead, the initial surface area of the secondary minerals was assigned 221
with An representing 0.1-10% of the initial olivine surface area. The surface area of growing 222 phases was 1% in the presented models. The purpose of varying the An value was to study the 223 effect of this initial surface area of secondary minerals on the model results. For the mineral 224 formation, the value of ς was taken to be 1. surfaces were observed after 7 days (Fig. 3d) . After two weeks, no large changes were 304 observed except magnesite crystals grew and became larger, up to 3 μm in size. After 4 305 weeks of interaction (Fig. 3e) , the formation of magnesite was characteristic with euhedral 306 crystals up to 5 μm in diameter. A thin layer of coarse alteration coating developed partly 307 over the olivine surfaces, typically as scales sticking out from the surface and no thicker than 308 0.5 μm; this is an early stage of chrysotile/lizardite nucleation and serpentinization. 309 Dissolution etch pits were also clearly observed on the olivine grain edges after four weeks of 310 interaction. 311
The effect of changing initial CO2 concentration (Experiments H and E) on the olivine 312 alteration mineralogy is shown in Figure 3 (e and f) . At low CO2 (~6 mmol/kg; Exp. G, F, H; 313 Fig. 3d, e) , magnesite crystals were observed to form along the olivine edges and within 314 conchoidal fractures whereas small chrysotile/lizardite needles formed randomly over the 315 whole olivine surface. However, for experiments with initially elevated CO2 (~21 mmol/kg, 316
Exp. E; Fig. 3f ), the magnesite crystals grew up to 10 μm in size with some of the olivine 317 15 grains completely coated with conglomerates of euhedral magnesite crystals after 25 days. 318
Honeycomb structures or mesh texture of chrysotile/lizardite coated some of the olivine 319 surface (Fig. 3f) reproduced by the geochemical models (Fig. 4) . A declining trend for CO2 concentration was 327 observed in all experiments and models with time. Similarly pH values increased in both the 328 experiments and models, reflecting the decreasing acid supply in the system. Some 329 discrepancies were observed for Si (Fig. 4c) , and are considered to be related to an initial 330 non-stoichiometric dissolution of Si from the olivine and precipitation of silica coating 331 coating, as the changes in CO2 concentration showed good agreement between modeled and 341 experimental system (Fig 4) . 342
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The secondary mineralogy predicted by the geochemical models shows a clear trend 343 with reaction time and solution pH (Fig. 5) ; at pH<6.5, chrysotile and Mg-Fe carbonate solid 344 solutions dominate the alteration mineralogy, but with increasing reaction time and pH 345 brucite also becomes important. Brucite was not observed as a part of the alteration products 346 in our experiments as the pH of the solutions was not high enough to initiate brucite 347 formation (Pokrovsky and Schott, 2004; Li et al., 2014) at the end of the experiments. The 348 amount of reacted initial CO2 (Fig. 5a, b) is reflected by the amount of dissolved olivine mass 349 and formed secondary minerals. The high CO2 run dissolved ~6 times more olivine than the 350 low CO2 run (Fig. 5a, b) , resulting in an order of magnitude difference in the amount of 351 magnesite and talc that were precipitated. However, the relative proportion of the two 352 minerals being formed was similar in both scenarios. The amount of secondary mineral formation was found to largely depend on the 367 reactive surface area of the olivine (Fig. 5c) . The best fit corresponded to 30% (ς = 0.3) and 368 80% (ς = 0.8) (Eqn. 1) coverage of the total olivine geometric surface under the low-and 369 high CO2 concentrations, respectively. This is in agreement with other studies (e.g. Brantley 370
and Mellott, 2000; Lüttge and Arvidson, 2008), and implies only fraction of mineral surface 371 is commonly reactive (although the potential influence of stirring rate and water-rock ratios 372 within the reactors cannot be discounted). In contrast, the nucleation surface area (An) of 373 secondary minerals was found to have a limited effect on the mass of secondary minerals 374
formed. This observation is related to the fact that the secondary minerals reached close-to-375 equilibrium conditions with the fluid relatively quickly, thus their formation rates were 376 primarily driven by the affinity term (1-SI m ), rather than the surface area of the nuclei and 377 crystals (Pokrovsky and Schott, 2004) . 378
The rate limiting reaction controlling elemental transfer is generally thought to be the 379 dissolution rate of the primary mineral (e.g. Park precipitation rate of magnesite is 3-5 orders of magnitude lower than the corresponding 382 dissolution rate for olivine. Here, we observed that olivine alteration rate primarily depends 383 on pH. For example; the dissolution rate of olivine at a pH of ~6.5 was slightly greater than 384 the formation rate of carbonates, demonstrating that the rate limiting factor of carbonation in 385 the system was not the dissolution rate of olivine, but the precipitation rate of the carbonates. 386
Similarly, with increasing reaction progression within the models the pH increased to >8 and 387 under these conditions the dissolution rate of olivine became slower than the formation rates 388 of all secondary minerals, implying that the rate limiting factors during water-rock interaction 389 of olivine was its dissolution rate. 390 391
Magnesium isotope systematics during olivine carbonation and serpentinization 392
The only source of Mg in the experimental system was the olivine powder, which had a 393 starting δ
26
Mg ratio of -0.22±0.07‰ (Table 4) carbonates and chrysotile (Fig. 6b) . 
